The synthetic oligonucleotide SD-101 is a potent and specific agonist for tolllike receptor 9. Intratumoral injection of SD-101 induces significant anti-tumor immunity in preclinical and clinical studies, especially when combined with PD-1 blockade. To build upon this strategy, we studied the enhancement of SD-101 activities by combination with low-dose cyclophosphamide, a well-characterized agent with potentially complementary activities. In multiple mouse tumor models, we demonstrate substantial anti-tumor activity of the combination, compared to each single agent. Combination therapy generated CD8+ T cell dependent immunity leading to rejection of both non-injected and injected tumors and long-term survival, even in very large tumors. Mechanistic studies encompassing global gene expression changes and characterization of immune cell infiltrates show the rapid, sequential induction of innate and adaptive responses and identify discrete contributions of SD-101 and cyclophosphamide. Importantly, these changes were prominent in tumors not injected directly with SD-101. Combination treatment resulted in creation of a permissive environment for a systemic anti-tumor immune response, including a reduction of intratumoral regulatory T cells (Tregs) and an increase in "M1" versus "M2" tumorassociated macrophage (TAM) phenotypes. Additionally, we observed increased immunogenic cell death as well as antigen processing in response to combination treatment.
INTRODUCTION
It has long been appreciated by cancer researchers that the phenotypic heterogeneity and progressive evolution of malignant tumors minimizes the chance that any agent targeting a single molecular pathway could effectively cure advanced cancer. Indeed, not only does a given cancer cell typically usurp otherwise normal growth and anti-apoptotic mechanisms to avoid dying, it also employs mechanisms to avoid elimination by the immune system and orchestrates changes in the tumor microenvironment (TME) to ensure its survival [1] .
In recent years, select subsets of patients have shown durable responses to immune checkpoint inhibitors [2] [3] [4] . Given the functional redundancies in immune checkpoints that exist, it is perhaps surprising that durable responses are observed with these single agents; but, it has been a welcome breakthrough nonetheless. However, for most tumor types, only a minority of patients respond to checkpoint blockade [2] . We have previously demonstrated www.oncotarget.com Oncotarget, 2020, Vol. 10, (No. 68), pp: 7220-7237
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in mouse tumor models that employing the innate immune system to prime a T cell response, in combination with checkpoint blockade, results in deep and durable antitumor efficacy [5, 6] . In cancer patients with unresectable or metastatic melanoma who have not had previous anti-PD-1 therapy, the combination of intratumoral SD-101 and systemic pembrolizumab produced a 71-78% objective response rate, higher than expected with pembrolizumab monotherapy. These high response rates were observed in both injected and non-injected tumor lesions and patients with PD-L1 negative tumors, indicating low levels of basal immune inflammation, responded as well as patients with PD-L1 positive tumors [7, 8] .
SD-101 is a CpG-C class oligonucleotide that induces interferon production through engagement of toll-like receptor 9 (TLR9) in the early endosomes of plasmacytoid dendritic cells (pDCs) and induces maturation of the pDCs through engagement of TLR9 in the late endosomes of these critical antigen presenting cells [9] . Intratumorally administered SD-101 exerts its priming activity and ultimate orchestration of a systemic anti-tumor T cell response through multiple mechanisms. The production of interferon stimulates tumor cell killing by natural killer (NK) cells, with ensuing tumor antigen release, and induces chemokines that attract T cells back to the tumor bed [9] [10] [11] . The maturation of pDCs ensures optimal tumor antigen presentation to prime the anti-tumor T cell response [5] . In this way, intratumorally administered SD-101 promotes "in situ vaccination" of the tumor-burdened animal, enabling an increased response to checkpoint inhibition.
The translation of the efficacy of intratumoral SD-101 plus systemic anti-PD-1 antibody in mouse models to human subjects is encouraging; however, it is anticipated that there will be patients who fail to respond to this doublet therapy. We therefore sought to identify agents which substantially enhance the effectiveness of SD-101 that could ultimately be added to therapies based on SD-101 plus checkpoint blockade. The ideal agent would not add appreciable toxicity, but would facilitate a TME optimally permissive for an SD-101-primed immune response. To this end, we identified low-dose, metronomic (repeated low doses, rather than a single standard dose) cyclophosphamide as an ideal candidate to mediate mechanisms that would be complementary to SD-101 and potentially further enhance responses to checkpoint inhibitors, once combined in the clinic.
Low-dose metronomic cyclophosphamide (CY) has been explored for more than a decade in the clinic -first for its anti-angiogenic properties [12] [13] [14] and later for its increasingly appreciated ability to decrease T regulatory (Treg) cells [15, 16] . Additional impacted biological activities have been described, such as increased interferon production, induction of immunogenic cell death, increases in effector T cells, and increases in functional NK cells [15, [17] [18] [19] , likely to be complementary to SD-101 activity by virtue of modulation of the TME. One described activity of low-dose cyclophosphamide that would possibly impede an optimal immune response is the induction of myeloid-derived suppressor cells (MDSCs) [20, 21] . It should be noted, however, that CY-induced changes in the myeloid compartment are complex; for example, they also include induction of dendritic cells, and may depend on CY dose [22, 23] .
Here, we demonstrate that non-leukodepleting low-dose cyclophosphamide combined with SD-101 confers durable anti-tumor responses. By administering SD-101 locally (either intratumorally in sub-cutaneous tumors or by inhalation to tumor-bearing lungs), rather than systemically, we demonstrate that localized SD-101 injection combined with systemically administered lowdose cyclophosphamide confers an anti-tumor response at non-injected sites. Furthermore, both early and sustained changes in the TME observed in the combination treatment mechanistically align with the observed durable systemic anti-tumor immune response. Lastly, we show that the efficacy of low-dose CY and SD-101 combination treatment is ultimately dependent on CD8+ T cells.
RESULTS

Low dose, metronomic CY decreases tregs, increases activated NK cells and modulates the myeloid population in tumor-burdened mice
Although cyclophosphamide has been previously shown to have multiple effects on the immune system [15] , it was important to identify the minimum dose of CY that would allow us to observe its effects on immune cells without depletion of CD8+ T cells, which are central to the anti-tumor activities of SD-101 [5] . We determined that either 40 mg/kg CY, given i.p. twice per week for two weeks, or 16 mg/kg CY given p.o. five days per week for two weeks reduced the frequency of Tregs to a similar extent both systemically and in CT26 subcutaneous tumors ( Figure 1A, 1B ). Importantly, we did not observe depletion of CD8+ T cells in tumor or blood and observed an increase in frequency of CD8+ T cells in some central lymphoid organs such as the spleen and lymph nodes, confirming prior reports ( Figure 1C ) [16, [24] [25] [26] .
In response to low-dose CY, we observed a reduction in the frequency of total NK cells in the tumor, relative to saline control treated tumor-burdened mice (Supplementary Figure 1) ; however, a higher proportion of these NK cells were activated in low-dose CY-treated tumor and blood, as indicated by their expression of TBET and CD107a, reaching a statistical significance at a dose of 40 mg/kg ( Figure 1D ). Increased NK cell function has also been observed in patients treated with low-dose metronomic cyclophosphamide [15] . Dosing regimens totaling less than 80 mg/kg per week were not sufficiently robust in their modulation of Tregs and activated NK cells ( Figure 1A-1D ), so 40 mg/kg twice per week i.p. or 16 mg/kg five times per week p.o. were the low-dose CY regimens used for all subsequent experiments.
We observed several changes in the myeloid compartment within tumors in response to low-dose CY. Cyclophosphamide has been shown to increase both MDSC subtypes, polymorphonuclear MDSCs (PMN-MDSCs) as well as monocytic MDSCs (Mo-MDSC) [27] [28] [29] . We did not observe an increase in Ly6G+ PMN-MDSCs in the tumor microenvironment ( Figure 1E ).
In contrast, Ly6C+ CD11b+ monocytes did increase in frequency in tumors ( Figure 1G ). The expression of MHCII on these cells was also elevated, consistent with further differentiation towards immature dendritic cell (DC) or macrophage phenotypes ( Figure 1G ). However, despite this increase in potential precursors, we saw a reduction in tumor-associated macrophages (TAMs; Ly6C-CD11b+ MHCII lo/hi ) in response to low-dose CY ( Figure 1H ). Interestingly, tumor eosinophils, which have been shown to promote M2 macrophage development by secretion of IL-13 [30] , were significantly depleted with low-dose CY treatment ( Figure 1I ). Therefore, low-dose CY induces changes in the myeloid compartment that reduce some immunosuppressive cell types (TAMs, eosinophils), while increasing MHCII+ monocytes ( Figure 1G-1I ).
Intratumoral SD-101 combined with low-dose CY effectively inhibits growth of both injected and non-injected tumor sites and promotes survival
To determine the antitumor efficacy of the combination of intratumoral SD-101 plus systemic lowdose CY, we utilized the syngeneic mouse CT26 and 4T1 tumor models in BALB/c mice. In these experiments, subcutaneous tumors were implanted at two sites, but only one site was injected with SD-101 ( Figure 2A ). This design allowed independent assessment of local versus systemic effects of the intratumoral TLR9 agonist treatment. umor-bearing mice were divided into four treatment groups: (1) control, (2) SD-101, (3) low-dose 40 mg/kgCY and (4) combination treatment with SD-101 and low-dose CY (40 mg/kg body weight) was given i.p. twice weekly and treatment began when the average tumor volume was ~200 mm 3 (~day [14] [15] [16] [17] [18] [19] . SD-101 (50 µg/injection) was subsequently injected intratumorally into the right flank tumors (injected tumor) twice weekly beginning ~3 days later, when average tumor volume reached ~300-400 mm 3 . Tumor size in both SD-101 injected tumors and non-injected tumors were monitored for response to treatment.
In preliminary experiments, we found that starting CY treatment first was more effective than initiating both treatments simultaneously (data not shown). In the CT26 model, combination treatment with as few as three lowdoses of CY and two doses of SD-101 was sufficient to induce inhibition of tumor growth as compared to control at both injected and non-injected sites ( Figure 2B ). In Figure 2C , fold-change in growth relative to each starting tumor size was calculated after four doses of CY and/or three doses of SD-101. This measurement showed the fold-change in non-injected tumor volume averaged 6, 3.6, 3 and 1.6-fold in the control, SD-101, CY and combination groups, respectively ( Figure 2C ). Thus, the combination treatment resulted in significantly greater inhibition of CT26 tumor growth than the respective monotherapy treatments, often causing complete regression of established tumors. Also in this model, the combination therapy administered for two and half weeks substantially promoted long-term survival ( Figure 2D ).
Because implanted tumors do not grow uniformly across mice, it was possible to ask whether the tumor size at the start of treatment was an important variable in observing the degree of increased efficacy conferred with the combination treatment. Response data from seven experiments was divided according to the tumor size at the start of CY treatment on day 14-19, the time at which CY treatment was initiated in groups being treated with CY. In smaller tumors (<100 mm 3 when treatment began), both monotherapies were quite effective, with the combination showing only a small improvement in response. However, with increasing tumor sizes, the monotherapies became increasingly less effective, and the combination showed increasing benefit over either single agent. This was particularly clear with the largest tumors (>250 mm 3 ), in which neither monotherapy was significantly different than the control group, while the combination therapy very effectively inhibited tumor growth ( Figure 2E ).
Localized SD-101 combined with low-dose CY effectively inhibits tumor growth in multiple mouse tumor models
To ensure the effects of the combination therapy were not cell line specific, a distinct model was also evaluated, using the schema described in Figure 2A . In the highly immunosuppressive sub-cutaneous 4T1 mouse tumor model, the combination treatment also significantly suppressed tumor growth at both SD-101 injected and noninjected sites ( Figure 3A ). Cumulative data from three experiments showed significantly lower fold change in noninjected tumor volume post treatment with combination therapy compared to the monotherapies ( Figure 3B ).
To ensure the efficacy would translate to tumorbearing organs, models of tumor-burdened lung were evaluated. Mice were injected intravenously (i.v.) with CT26 cells via tail vein (shown in Figure 3C ), resulting in extensive tumor seeding in lung. SD-101 (10 µg) was delivered to the lung intranasally (i.n.) as previously described [6] , twice weekly, and low-dose CY (16 mg/ kg body weight) was given orally, five doses weekly. Combination treatment significantly improved the survival of mice bearing CT26 tumors in the lung compared with mice receiving monotherapy treatments ( Figure 3D ). A similar result was observed in a 4T1 lung metastasis model [6] , in which the combination of systemic low-dose CY plus inhaled SD-101 conferred increased survival in 4T1 tumor-bearing mice ( Supplementary Figure 2A, 2B) .
Collectively, the combination of systemic low-dose CY and intratumoral SD-101 elicited strong local and systemic anti-tumor responses leading to significant tumor inhibition and increased survival in both CT26 and 4T1 syngeneic mouse tumor models.
Gene expression changes to the TME demonstrate sequential development of innate and adaptive immune responses
Given the clear increase in efficacy of the combination of systemic low-dose CY and intratumoral SD-101 relative to either monotherapy, we sought to understand the factors contributing to the functional complementarity by examining the global gene expression changes in the tumors. Mice bearing CT26 s.c. tumors on both flanks were divided into four groups (1) control, (2) SD-101 (3) CY and (4) combination. Low-dose CY (40 mg/kg) was given i.p. at days 14, 18, and 21, and SD-101 was injected into the right flank (injected tumor) at days 18 and 21 post-CT26 cell implantation ( Figure 4A ). To understand the kinetics of the gene expression changes in the tumor induced by the respective treatments, tumors were collected and RNA was extracted during treatment at days 15, 19 or 22 or one week after the last treatment at day 28. Gene expression profiling of the tumors was performed on mRNA from injected and non-injected tumors using the PanCancer Immune profiling panel from NanoString™. Multiple types of gene expression analyses were performed on these data. Significant gene expression changes were observed in the injected and non-injected tumors of the combination group after just two low-doses of CY and one dose of SD-101 treatment (d19; Figure 4B ). To assess systemic antitumor immunity generated by the combination, we focused on the global changes in the non-injected tumor sites. At day 19, the number of genes differentially expressed (DE) relative to untreated controls in the CY, SD-101 and the combination group were 99, 162 and 397, respectively (non-injected tumor) compared to control ( Figure 4B) , with a large proportion of genes differentially expressed only in the combination. The Venn diagrams show the number of overlapping DE genes in the noninjected tumors from all treatment groups relative to control ( Figure 4C ). A substantial number of genes were differentially expressed only in the combination, with 49% (d19), 55% (d22) and 79% (d28) of the DE genes in the
Figure 2: Intratumoral SD-101 combined with low-dose CY effectively inhibits growth of both injected and noninjected tumor sites and promotes survival. (A)
Illustration of the syngeneic mouse tumor models. Briefly, CY (40 mg/kg) was given i.p. and SD-101 (50 µg/injection) was given i.t., twice weekly. (B) Tumor growth at the injected and non-injected sites was monitored (n= 24/group at d12 and d15, n=18/group at d19, n=12/group at d22 and n=6/group at d25 and d28; mice were removed for mechanistic evaluation during the course of the study). (C) Cumulative data of the fold increase in non-injected tumor volume following 4 doses of CY and 3 doses of SD-101 from 7 experiments, n=45-57/group. (D) Long-term survival of mice bearing CT26 s.c. tumor on both flanks, receiving saline, monotherapy (CY i.p. or SD-101 i.t.) or combination therapy as illustrated in (A). Experiment schedule was similar as in (B) but with longer treatment times, as indicated on the survival curve (D), n=10/group. (E) Data from (C) was divided according to the tumor size at the start of CY treatment (<100 mm 3 , 100-200 mm 3 and > 250 mm 3 ). Resulting groups ranged from 9 to 27 mice, with an average of 18 mice per group. Data show the mean ± SEM, * compared with control, * compared with SD-101, * compared with CY. * indicates P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, and **** P ≤ 0.0001. combination unique to the combination treatment ( Figure  4C , Supplementary Table 1 ). Comparing monotherapies, SD-101 alone induced more gene changes than low-dose CY alone. The monotherapies produced distinct patterns of gene expression changes; only 22% of the DE genes in SD-101 were in common with low-dose CY monotherapy at both day 19 and day 22.
Directed global significance scores showed robust up-regulation of numerous immune-related signatures, including enhanced antigen processing, DC, NK, B, and T cell functions with the combination treatment in noninjected tumors ( Figure 4D ). Similar results were observed in injected tumors, although changes in the SD-101 only group were more prominent (Supplementary Figure 3A) . The enhanced antitumor immunity mediated by low-dose CY began soon after the first SD-101 treatment (d19). Interestingly, synergistic gene expression changes with combination treatment were observed in the non-injected tumor one week after stopping treatment, a time point at which the respective monotherapies showed minimal gene expression changes (d28; Figure 4D ). This observation is consistent with the durability of anti-tumor responses observed with combination therapy (e.g. Figure 2D ).
To better understand the systemic effects of the combination treatment on immune cell functions (pathway scores), non-injected tumors were evaluated for effects of the combination compared to the respective monotherapies. SD-101 treatment alone, but not low-dose CY alone, led to up-regulation of DC, NK, B and T cell functions as well as chemokines and their receptors at day 19, as indicated by the pathway scores, diminishing at d22 and 28 ( Figure 4E & Supplementary Figure 4A ). Combination treatment, however, not only further upregulated these gene sets, but resulted in maintained elevation even one week after the last treatment (d28) ( Figure 4E ). Other pathway scores significantly upregulated by the combination treatment in the noninjected tumors included antigen processing, MHC, complement pathway, TNF superfamily and interferon (Supplementary Figure 4A) .
Consistent with the increased DC, NK and T cell functions, Nanostring™ analysis revealed large and significant increases in non-injected tumor infiltrating immune cell marker genes (cell type scores) for DCs, activated NK cells, T cells, CD8+ T cells, and cytotoxic cells resulting from combination therapy compared to the monotherapies, while no change occurred in B cell signature scores ( Figure 4F & Supplementary Figure 4B ). Combination treatment increased DC and activated NK cell gene signatures as early as d19, whereas T cell, CD8+ T cell and cytotoxic cells were increased at the later time points (d22 and 28), a pattern consistent with the proposed mechanism of action of SD-101 to directly activate an innate immune response leading to a subsequent increase in adaptive immunity. Cell type scores suggested that SD-101 alone had a greater impact on DC and activated NK cell tumor infiltration and that low-dose CY drove the cytotoxic cell marker genes early in the course of treatment. Heatmaps showing relative expression levels of individual genes comprising the DC-, NK-and T cell-functional gene signatures, as well as the cytotoxic gene signature in the non-injected tumors are found in Supplementary Figure 5 .
Expression changes of selected genes implicated in anti-tumor immunity were examined using real time qPCR both to validate Nanostring™ results and to understand the temporal nature of the expression of these key factors (Supplementary Figure 6 ). In accord with Nanostring™ data, qPCR analysis in non-injected tumors treated with the combination demonstrated significant up-regulation of Th1 cytokines and chemokines (Tnf, Il1b, Il6, Il18, Ifng, Ccl5, Cxcl9 and Cxcl10), CD8 (Cd8b), a key costimulatory molecule (Cd80) and a cell adhesion molecule known to be important for T cell recruitment to the tumor bed (Icam1). Conversely, down-regulation of the tumor promoting cytokine Il11 with combination therapy was observed. The timing of maximal gene expression changes differed amongst respective genes (Supplementary Figure 6 ). Induction of Tnf, Il1b, Il6, Ccl5, Cxcl10 and Cd80 in response to the combination treatment reached their maximum early, at d19 (after one dose of SD-101 and two low-doses of CY). Induction of these genes was likely driven by SD-101, as they were evident in the SD-101 monotherapy treatment. In contrast, up-regulation of Cd8b, Ifng and Il18 with combination treatment was highest at d28, coinciding with tumor regression.
Using this qPCR gene expression data, the correlation between non-injected tumor volume and gene expression at d28 was determined. Tumor regression in response to combination treatments correlated strongly with elevated tumor expression of CD8b, Ifng, Tnfa, Ccl5 and Il18 in the non-injected tumors ( Figure 5) . Similar correlations were observed between tumor volume and the expression of Th1 chemokines (Cxcl9, Cxcl10), adhesion molecules (Icam1) and the M1 macrophage marker Nos2. In contrast, increased tumor growth inhibition correlated with decreased expression of pro-tumorigenic molecules Cox2 and Il11. Overall, the global gene expression changes modulated by the combination treatment strongly favored systemic antitumor immunity, resulting in tumor growth inhibition at the non-injected site.
SD-101 and low-dose CY combination increases immunogenic cell death and APC function within the tumor
To identify the early, primary mechanisms by which low-dose CY complements SD-101 to elicit the strong antitumor efficacy, the gene sets with the highest global significance scores exhibited by low-dose CY alone at day 19 were examined. These included antigen processing, MHC, complement, and interferon signatures ( Figure 4D and Supplementary Figure 3B-3E ). Low-dose CY had a stronger impact on the antigen processing and MHC pathway scores compared to SD-101 at d19 in the injected tumor where T cell priming originates ( Figure  6A ). After two doses of CY at day 19, CY monotherapy increased expression of genes involved in MHCI (H2-K1, H2-Q2, H2-T23, Psmb8, Psmb9, Tap1, Tap2, Tapbp) and MHCII (H2-Dma, H2-Eb1, Cd74) pathways. As a result, combination treatment induced up-regulation of more genes in the antigen processing and the MHC gene sets than the respective monotherapies alone (Supplementary Figure 5 : Tumor volume in response to combination treatment correlates negatively with genes of anti-tumor immunity and positively with pro-tumorigenic molecules. Tumors were harvested at d28, 7 days after the last treatment at d21 ( Figure   4A ). Gene expression was measured by real time qPCR. Pearson correlation test was applied to calculate the correlation between gene expression levels in the non-injected tumor and the tumor volume of the non-injected site at d28, n=6/group. Figure 3B and 3C), and this also corresponded to significantly increased pathway scores for antigen processing and MHC in response to combination therapy at d22 and d28 ( Figure 6A ).
We hypothesized that the combination of these agents might thereby optimally increase antigen uptake and processing in tumors in vivo. After a lead-in dose of CY, we injected DQ-OVA intratumorally alongside a single combination treatment with SD-101 and low-dose CY ( Figure 6B ). DQ-OVA is a fluorogenic substrate that is self-quenched when intact, unveils green fluorescence when proteolytically cleaved, and emits red fluorescence when it accumulates in organelles at a high concentration.
We observed increased proteolytic cleavage of DQ-OVA by CD45+ cells in SD-101 and combination treated tumors, and increased accumulation of proteolytically cleaved DQ-OVA in combination-treated tumors ( Figure  6C) , consistent with increased antigen processing in the tumor.
Cyclophosphamide is known to stimulate immunogenic cell death, a process that contributes to activation, maturation, and trafficking of antigen presenting cells [31] . Using calreticulin exposed on the surface of tumor cells, which operates as an "eat me" signal to stimulate uptake of tumor antigens by APCs, we showed that the combination treatment increased this hallmark of immunogenic cell death ( Figure 6D ). Taken together, these data suggest that combination of SD-101 and low-dose CY treatment results in increased immunogenicity and antigen processing in the tumor microenvironment.
Combination therapy activates monocytes and shifts toward M1 macrophage development
A major potential source of immunosuppression in the tumor are myeloid cells, including TAMs and MDSCs [32, 33] . TAMs are a heterogenous mix of cells expressing markers of both M1 and M2 macrophages [30] . However, TAMs associated with poor prognosis are thought to more closely resemble M2 macrophages, and repolarization of TAMs toward an activated, M1-like phenotype has been shown to aid in tumor eradication [34, 35] . We first measured gene expression in the injected tumor tissue to determine if any genes associated with M1 macrophages versus M2 changed in response to our combination treatment at d19. We saw a significant increase in expression of Ifng in response to SD-101 or low-dose CY, with significantly higher levels elicited by combination low-dose CY and SD-101 treatment versus either single agent ( Figure 7A ). M1 macrophages also express higher levels of Nos2, Cxcl10, and Irf7 and expression of each of these genes increased in the injected tumor in response to combination treatment ( Figure 7A ). To determine the overall balance of M1-to M2-associated genes, fifteen M1-related genes and seven M2-related genes, previously identified as markers for these phenotypes and which are found within the Nanostring™ gene set [36] were evaluated, and the ratio of the geometric mean of M1 to M2 genes was calculated. We observed a significantly higher M1/M2 gene expression ratio with the combination treatment compared to control in both the injected and non-injected tumors (Supplementary Figure  3G) . We next sought to determine whether the myeloid cells themselves were producing M1-or M2-like factors. Flow cytometric analysis showed that CD11b+ MHCII lo-hi TAMs significantly downregulated the M2 marker CD206. Additionally, the M1 macrophage-associated, M2macrophage-inhibiting cytokine TNFα was upregulated in total CD11b+ myeloid cells in response to combination treatment ( Figure 7B ).
We also characterized molecular changes in Ly6C+ monocytes to further understand how the combination treatment impacted the tumor-associated myeloid compartment. Ly6C+ CD11b+ monocytes upregulated CD40 and MHCII in response to combination treatment, consistent with differentiation into immature antigenpresenting cells ( Figure 7C ). In addition, we saw increases in TNFα, as we had seen in total CD11b+ myeloid cells, and in PD-L1, consistent with upregulation of interferoninduced pathways seen in the gene expression data ( Figure  7C ). These data suggest that SD-101 in combination with low-dose CY can further enhance the ability of SD-101 to activate inflammatory monocytes.
SD-101 and low-dose CY combination drives increased activity of CD8+ T cells, which are required for efficacy of treatment
CY has been shown to deplete Tregs in the TME. We observed Treg depletion in response to low-dose CY compared with control tumor, and Tregs were significantly depleted in response to the combination treatment versus SD-101 alone in the injected tumor ( Figure 8A ). The ratio of effector T cells to Tregs is a major factor in determining the ability of T cells to respond to stimuli [37] and higher ratios in the tumor correlate with improved prognosis in a variety of tumor types [38] . We observed a significant increase in the CD8+ T cell to Treg ratio in both SD-101 injected tumors and tumor-draining lymph nodes in the context of combination treatment ( Figure 8B ).
In addition to depletion of Tregs, we saw changes consistent with increased priming in tumor-draining lymph nodes. The frequency of total CD4+ Tconv cells and CD8+ T cells in tumor-draining lymph nodes was increased by combination treatment. This was accompanied by an increase in the expression of costimulatory factors CD80 and CD40 on APCs in tumor-draining lymph nodes ( Figure 8C, 8D ). In addition to changes consistent with an increased cytotoxic T cell response, the frequency of activated NK cells in the tumor, spleen, and blood, was significantly increased in response to combination treatment. Interestingly, low-dose CY and the combination treatment had similar effects on splenic NK cell activation, but this change was not reflected in the TME and only reached statistical significance in response to combination treatment in the tumor (Supplementary Figure 7A) .
The ultimate goal of most anti-tumor immune therapies in humans is to maximize the cytotoxic T cell response to tumor cells. To confirm that the anti-tumor activity generated by combination therapy was based on cytotoxic T cells, a CD8-depletion experiment was performed. Depletion of CD8+ cells abrogated the anti-tumor response generated by the combination of intratumoral SD-101 plus low-dose CY ( Figure 8E ). Depletion of CD8+ T cells was confirmed in blood of treated mice (Supplementary Figure 7B) . Furthermore, when mice that had been treated with combination SD-101 and low-dose CY and had cleared the primary tumors (from Figure 2D) were rechallenged with the same tumor type after 86 days, these mice were able to Figure 7C) . This suggests the combination therapy induced long-term anti-tumor immune memory and that the mice were cured.
DISCUSSION
Despite recent breakthroughs in immune therapy of cancer, it is appreciated that combination therapies that increase efficacy will be needed to treat patients whose tumors do not respond to current and emerging standards of care. SD-101 has been combined successfully with PD-1 blockade to achieve increased efficacy with minimal added toxicity [7, 8] , yet not all patients respond to this doublet. This study evaluated the potential of adding lowdose chemotherapies to therapeutic regimens, as these generic drugs are well tolerated at low-dose and have been shown to have immune-modulatory actions that would be predicted to be complementary to those of SD-101. Anti-PD-1 therapy is already established as the standard of care for many tumor types and seemingly requires the presence of T cells that can be reinvigorated [39, 40] . Thus, we focused these pre-clinical studies on the potential of lowdose chemotherapy to enhance the ability of SD-101 to stimulate anti-tumor T cell responses. We surveyed several low-dose chemotherapies (data not shown) and identified low-dose cyclophosphamide as the most promising candidate for combination with SD-101.
The combination of intratumoral SD-101 plus systemic low-dose metronomic cyclophosphamide led to rapid anti-tumor responses mediated by CD8+ T cells. These robust anti-tumor responses reflected the generation of a systemic anti-tumor immune response, where both injected and non-injected tumors were rejected and cured mice were resistant to tumor cell rechallenge. The anti-tumor effects of the combination were observed in multiple tumor models and in tumors in different anatomical locations (sub-cutaneous and lung). Notably, substantial anti-tumor activity was observed even in very large tumors that were unresponsive to treatment with either single agent.
To understand the mechanistic basis for the strong systemic anti-tumor responses with the combination, we examined global gene expression changes and characterized the immune infiltrate in the TME at multiple times during the course of treatment. The combination of low-dose metronomic cyclophosphamide and intratumoral SD-101 strongly potentiated the innate immune components early, and this, together with a relief of immunosuppression in the TME, ultimately led to the generation of an effective systemic antitumor CD8+ T cell response, as well as immunologic memory.
Nanostring™ analysis of gene expression over the time course of treatment with SD-101, low-dose CY, or the combination, showed clear contrasts between treatment with the combination and either single agent.
Gene expression changes overall with the combination were much more profound than with either monotherapy, and showed rapid and durable activation of immune functions that help explain its substantial therapeutic benefit. Potentiation of innate immunity was apparent immediately, showing impact on the interferon pathway and antigen processing after the first administration of the combination. Combination treatment resulted in substantial early interferon induction, revealing complementarity of SD-101 and low-dose CY in interferon regulation. We observed that both low-dose CY and SD-101 monotherapies induced interferon-regulated genes, as has been previously shown [5, 18, 41] . There were both common (e.g. Gbp5, Ifi44, Ifih1, Ifit1, Ifit3, and Irf7) and unique genes that CY (Eomes, Ifi44l, Irf8, Irgm2, Nlrc5) and SD-101 (Ccr7, Ifi35, Ifit2, Nos2, Runx3, Sh2d1b1 and Tbk1) up-regulated in response to the respective monotherapies. The interferon pathway was further activated by the combination, with up-regulation of 25 out of 34 genes in the interferon gene set (non-injected site) (Supplementary Figure 3E ). Using expression of fifteen IFN-inducible genes to define an IFNα gene signature, combination treatment resulted in a significantly elevated IFNα gene signature at d19 (Supplementary Figure 3F) .
Innate responses were apparent at the earliest time points and adaptive responses developed most clearly at later time points. We observed significant changes in pathway and cell type scores at d19, after a lead-in dose of CY followed by a single combination treatment of CY and SD-101 ( Figure 4E and 4F ). Low-dose CY alone increased the antigen processing and MHC signatures modestly, but combination treatment increased these to a significant degree. For example, there was higher expression of Tap1, Tap2 and Tapbp in the low-dose CY monotherapy group compared to control, and a further upregulation of these genes in the combination treatment. Tap1, Tap2 and Tapbp are involved in the transport of antigens from the cytoplasm to the endoplasmic reticulum for association with MHC class I molecules. Additionally, Nanostring™ analysis of the combination showed an increase in gene signatures associated with heightened dendritic cell function. In both cases, these pathway scores trended higher in the combination than in response to either single agent. Our functional analysis of antigen processing in vivo, using DQ-OVA ( Figure  6C) , also revealed an increase in antigen processing in combination-treated tumors. This was likely further potentiated by the induction of immunogenic cell death, as indicated by increased tumor cell surface calreticulin ( Figure 6D ). This suggests that the combination of these two agents created an improved environment in the tumor for antigens to be optimally presented and prime T cells. Increased priming was also supported by our observation of increased T cell frequency and increased expression of costimulatory molecules CD40 and CD86 on APCs in the tumor-draining lymph nodes. While increases in pathways corresponding to immune activation were also induced by the monotherapies to some degree, combination therapy resulted in more significant immune activation overall and, unlike the monotherapies, these effects were sustained at least one week following the stoppage of treatment. Thus, not only did low-dose CY augment the earliest immunemodulatory effects of SD-101, but it enabled these effects to be sustained. Collectively, the increased interferon induction and antigen processing in the combination are likely potential components of the mechanism that conferred the increased systemic CD8+ T cell dependent antitumor response.
Cyclophosphamide has been described, in some studies, to expand immunosuppressive myeloid populations [20, [27] [28] [29] , although direct evidence of the overall impact of these CY-induced cells in the TME is incomplete and at times contradictory [20] . We did not observe an increase in PMN-MDSCs at the low dose of 40 mg/kg CY ( Figure 1E ). We did observe an increase in activated Ly6C+ CD11b+ monocytes in the tumor in response to low-dose CY ( Figure 1G ). Interestingly, a subset of the Ly6C+ CD11b+ population is upregulated in response to another chemotherapy, oxaliplatin, and was shown to exert APC functions [42] . Furthermore, a study of B-class CpG ODN with CY showed that cells within the subset of CD11b+Gr dim cells (Ly6G-), which are mainly Ly6C+, are tumoricidal [43] . We showed that low-dose CY induces an increase in the expression of MHCII in CD11b+ Ly6C+ monocytes, and combination therapy increases MHCII, CD40, PDL1, and TNF in this subset, all of which are associated with activation of monocytes, and/or response to inflammatory cytokines [44] [45] [46] . However, we did not test directly whether this myeloid subset contributed to the anti-tumor effects.
In addition to antigen processing and MHC increases, early activation of the complement pathway was also observed in both the injected and non-injected tumors ( Figure 4D & Supplementary Figure 3A) . Both low-dose CY (C1ra, C1s1, C3, C4b, Cd55, Cfb and Serping1) and SD-101 (C2, C3, Cfb, Cfd and Serping1) alone activated select complement components (Supplementary Figure  3D) . The impact of CY on the complement pathway is consistent with another study in which increased expression of complement components by metronomic CY in tumor xenografts was observed [41] , although this study used a higher dose of CY. In the non-injected tumor, combination treatment resulted in up-regulation of 15 out of 18 genes in the complement pathway including anaphylatoxin receptors (C3ar1, C5ar1), complement regulators (Cfh, Cfp), and further up-regulation of C3, which is a central node in the complement cascade on which both classical and alternative pathways converge (Supplementary Figure 3D) . It is unknown at this time whether this impact on the complement pathway contributes to the efficacy observed.
The balance of immunosuppressive, pro-tumor versus anti-tumor myeloid cells in the TME is pivotal to determining whether effector immune cells can access and attack the tumor for effective immunotherapy [1] . Here, both gene expression and flow cytometry immune profiling data provide a mechanistic explanation for the efficacy derived from relieving immunosuppression in the TME. We showed that the combination treatment reduces CD206, typically associated with pro-tumor M2like macrophages, while increasing factors associated with M1-like macrophages ( Figure 7A, 7B and Supplementary Figure 3G ). We also confirmed, as has been repeatedly demonstrated in the literature [15, 16, 21] , that cyclophosphamide potently depletes Tregs, even at low doses ( Figure 1A) . The combination of these agents results in potent Treg depletion ( Figure 8A ). Teff/ Treg ratios are, in turn, increased to mediate an optimal T cell response ( Figure 8B ).
Consistent with a temporal progression from innate stimulation to adaptive immune responses, we observed T cell and cytotoxic cell scores progressively increasing at later time points ( Figure 4F ). Importantly, effector cell functions were maintained in the combination even a week after stopping treatment, unlike the respective monotherapies. Ultimately, our data suggest that lowdose CY in combination with SD-101 provides an overall stimulatory environment that promotes CD8+ T cell mediated antitumor responses and immunologic memory, simultaneously increasing antigen processing and priming of T cells, while relieving TME immunosuppression.
There have been a few reports showing that combination of a TLR9 agonist CpG-ODN with CY results in anti-tumor effects in mouse tumor models [43, 47, 48] . These studies used B-Class CpG-ODNs, which stimulate much lower type 1 IFN responses than C-class CpG-ODN, the class used in our study [49] . In the study by Manrique and colleagues, the combination of B-Class CpG-ODN with CY did result in tumor regression in mice, however immunologic memory was not generated, and a higher dose of CY was needed for consistent efficacy [43] . Consistent with our results, Jordan and Waxman observed anti-tumor effects in an immunogenic glioma model, using low-dose CY plus a B-class CpG-ODN, and showed an increase in intratumoral CD11b+ F4/80+ myeloid cells, NK cells, DCs and T cells, as well as immunologic memory [47] . The detailed mechanistic analysis we presented here, including early kinetics of gene expression changes by the respective monotherapies, as well as the combination, add considerable insight into understanding the potential therapeutic value of combining CpG-ODNs and low-dose CY in treating tumors. We extend the understanding of mechanisms of action of the combination, showing a shift in the TME towards M1like TAM phenotypes and increased antigen presentation, which may contribute to the increased efficacy.
An ongoing Phase 1b/2 clinical trial (ClinicalTrials. gov Identifier NCT02521870) of SD-101 in combination with pembrolizumab is yielding a high rate of response in melanoma patients [7, 8] . Although immune checkpoint blockade therapies such as pembrolizumab have thus far improved survival in subsets of patients, it is apparent that some cancer types respond better than others, and there is still significant unmet need for improved immunotherapy to reach a greater patient population. Our data indicates that low-dose metronomic CY in combination with intratumoral SD-101 results in increased innate and adaptive anti-tumor immune responses to optimize CD8+ T cell killing of tumor cells and immunologic memory. These results provide the basis for clinical evaluation of the addition of low-dose CY to treatment regimens that include a TLR9 agonist. Taken together, the intratumoral SD-101 plus low-dose CY combination may complement existing checkpoint blockade therapies in patients to improve efficacy in the clinic and extend the benefits of immunotherapy to more patients.
MATERIALS AND METHODS
Mice, cell lines and reagents
Six to eight week old female BALB/c mice were purchased from Envigo. Mice were maintained in Dynavax's or MuriGenics' vivariums. All animal protocols were approved by the Institutional Animal Care and Use Committees (IACUC) of the respective institutions. CT26 colon carcinoma cells (CRL-2639) and 4T1 mammary carcinoma cells (CRL-2539) were purchased from ATCC and authenticated by ATCC using COI analysis. Cell lines were negative for mycoplasma testing and were passaged twice before using for in vivo experiments. The CpG-C oligodeoxynucleotide SD-101 was synthesized and purified by standard techniques as described previously [49] . Cyclophosphamide (CY) was obtained from Sigma. Anti-mouse CD8 (YTS 169.4, BE0117) for the in vivo depletion study was purchased from BioXCell.
Mouse tumor models and treatments
For the syngeneic tumor mouse models, CT26 cells (8x10 4 ) or 4T1 cells (1.2x10 4 ) were inoculated subcutaneously in both flanks of BALB/c mice. Tumor growth was monitored twice weekly using digital calipers and recorded with the Studylog system. Tumor volume was calculated using the following formula: volume= ½ X length X (width) 2 . When tumors reached an average volume of 200 mm 3 , mice were randomized into (1) control, (2) SD-101, (3) CY or (4) SD-101+ CY groups and CY treatment began. Low-dose CY (40 mg/kg body weight) was given intraperitoneally twice weekly to mice of the CY and combination groups. SD-101 treatment (50µg/ 100 µL saline) was injected into the right flank tumor (injected tumor) of the mice in the SD-101 and combination groups twice weekly. SD-101 treatment began 2-4 days after the first CY treatment, when average tumor volume reached 300-400 mm 3 . Control mice received saline only. For mechanistic studies, mice received 1.5-2.5 weeks treatment. For efficacy and long-term survival studies, mice received 2-3 weeks of treatment. Treatment schedules are indicated in the experimental schema within figures. For the rechallenge study, surviving mice from the survival study were rechallenged with a second implantation of CT26 at d86 post first CT26 implantation and tumor growth was monitored.
To establish CT26 pulmonary metastasis, CT26 intravenous lung metastasis models were used [6] . In the CT26 i.v. model, CT26 cells (1 x10 4 ) were injected intravenously (i.v.) into the mice to induce dissemination into the lungs. CY treatment (16 mg/kg) was given orally (p.o.) 5 times weekly. SD-101 (10 µg/50 µl saline) was given intranasally (i.n.) biweekly. Control mice received saline (i.n.) only. CY and SD-101 treatment began at d14 and d17 post CT26 inoculation, respectively, for three weeks. Survival was monitored.
In vivo CD8 depletion
Anti-CD8 (YTS 169.4, BE0117, Bio XCell) in vivo depletion antibodies were given i.p. at 250 µg per injection one day prior to CY treatment and twice weekly until the end of the experiment. CD8 depletion efficiency was confirmed by flow cytometric analyses of CD45+ CD3+ CD8+ cells (Biolegend) in the blood of the experimental mice (Supplementary Figure 7B ).
In vivo antigen uptake and processing study CT26 cells (1x10 5 ) were inoculated subcutaneously in both flanks of BALB/c mice. CY treatment (40 mg/kg) was given intraperitoneally when average tumor volume reached ~ 200 mm 3 at day 14 and the second dose was given at day 18. One dose of SD-101 (50µg/ 100 µL saline) was injected into the right flank tumor (injectedtumor) of the mice 4 days after the first CY treatment at day 18. DQ-OVA (50 µg) was injected into the right flank of the mice at day 18 and 20 as shown in Figure  6B . Tumors were harvested 24 hours after the last DQ-OVA injection. DQ-OVA-derived fluorescence-positive cells (FITC and TexasRed channels) were evaluated in the gated CD3-CD19-SiglecF-DX5-CD45+ immune cells by flow cytometry. Data were acquired using LSRII Flow Cytometer (BD Biosciences) and analyzed using FlowJo software (BD Biosciences).
Isolation of leukocytes from tumor-bearing mice and flow cytometry
Tumors, spleen and tumor draining lymph nodes were collected and processed using the gentleMACS dissociator (Miltenyi Biotec) as previously described [5] . Briefly, cells were enzymatically digested with 50 mg/ mL of collagenase 4 (Sigma) and 20 mg/mL of DNase I (Sigma) in wash medium for 20 minutes at 37ºC in 5% CO 2 . The digested samples were filtered through 70 µM strainer and washed. Leukocytes from blood were isolated using 2% dextran sulfate (Sigma). Cells were collected after 20 min of sedimentation, lysed with RBC lysing buffer and washed. For live/ dead discrimination, LIVE/DEAD Fixable Yellow Dead Cell Stain kit (Thermo Fisher Scientific) was used. Single cell suspensions were blocked with mouse Fc-Block (BD Biosciences) and then labeled with several antibody panels staining for CD45, CD3, CD4, CD8, CD11b, DX5, PDL1, MHCII, CD107α, Ly6-G, Ly6-C, CD80, CD40, CD206, CD19, Siglec-F, CD326 (BioLegend and eBioscience) and calreticulin (Abcam). For intracellular staining, cells were further permeabilized using Transcription Factor Buffer set kit (BD Biosciences) and stained for Foxp3, T-bet and TNFα. Data were acquired using LSRII Flow Cytometer (BD Biosciences) and analyzed using FlowJo software (BD Biosciences).
NanoString™ gene expression profiling
Total RNA from tumors was extracted using RNeasy kit (Qiagen) and hybridized with the NanoString nCounter PanCancer Immune profiling mouse panel code set (NanoString™, Seattle, WA). The differential mRNA expression of 770 genes (730 immune genes and 40 housekeeping genes) was quantified using the nCounter Digital Analyzer at the Core Diagnostics, Inc. After zero-expression genes were removed, a total of 582 genes were included in the group comparison. NanoString results were produced from RCC files using nSolver software (version3.0). The QC, normalization, differential expression, functional pathways and cell types score analyses were performed using the nSolver advanced analysis module according to guidance given by the manufacturers.
Quantitative real-time PCR
RNA was extracted from whole tumors using an RNeasy Mini kit (Qiagen). cDNA was generated using Superscript III reverse transcriptase (Thermo Fisher). Quantitative Real-Time PCR was carried out using the SYBR® Green master mix (Thermo Fisher) with the realtime PCR primers (Eurofins Genomics). Primer sequences are listed in Supplementary Table 1 . Expression levels were normalized to ubiquitin using delta-delta Ct methods.
Statistical analysis
All statistical analyses were performed using Prism software v5 (GraphPad Software). A two-tailed unpaired Mann-Whitney U test was used to compare two groups. Multiple comparisons were performed using the oneway ANOVA test with the Tukey post hoc test. For tumor volumes collected over all time points, two-way repeated measures ANOVA was used to compare different groups, using Tukey's multiple comparison test. Survival curves were plotted using the Kaplan-Meier method and compared using the log-rank test. Correlations between tumor volumes and gene expression levels were analyzed using a Spearman rank correlation test. P values lower than 0.05 were considered statistically significant ( * , P<0.05; ** , P<0.01; *** , P<0.001; and **** , P<0.0001).
